Little information is available about morphologic changes of mitochondria in sporadic amyotrophic lateral sclerosis (ALS). We examined the anterior horns of the lumbar spinal cord in 14 patients with sporadic ALS and 15 age-matched controls by electron microscopy to illuminate the subject. In the controls, one patient showed occasional swollen mitochondria with markedly increased cristae and marked accumulation of mitochondria in the somata of anterior horn neurons. Another patient had periodic, stubby protrusions on the outer membrane. Among the patients with ALS, 7 showed filamentous structures in the inner compartment of the mitochondria mainly of the somata and only occasionally of the axons. The structures were composed of a stack of multilayered cristae consisting of linear structures on a longitudinal section. Other abnormal structures were periodic transverse processes like rungs of a ladder predominantly in somata and only occasionally in the axons, marked accumulation of mitochondria in the somata, dendrites or proximal axons (axon hillock and initial segment), stubby protrusions on the outer membrane, and swollen mitochondria with markedly increased cristae in the somata. The findings in this study may reflect the metabolic disturbance of mitochondria, probably associated with the pathomechanism of degenerative processes of anterior horn neurons in sporadic ALS.
INTRODUCTION
Accumulating evidence shows that mitochondrial damage is involved in motor neuron degeneration in sporadic amyotrophic lateral sclerosis (ALS) (1Y3), familial ALS with Cu/Zn superoxide dismutase (SOD1) mutation (4, 5) , and mutant SOD1 transgenic mice (6, 7) . However, little information is available about morphologic changes in mitochondria in sporadic ALS (1, 8Y10) . As far as we know, this is the first report that focuses on the fine structural alterations of mitochondria in the motor neurons of patients with sporadic ALS and describes some novel abnormalities in the intermembrane space and the inner compartment of mitochondria.
MATERIALS AND METHODS
We chose autopsy cases in which postmortem investigations were performed within 6 hours of death to avoid delayed postmortem artifacts as much as possible. We studied 15 control patients (aged 44Y80 years; mean age 62.7 years) who died without having any known neurologic disease (Table 1 ) and 14 patients with sporadic ALS (aged 49Y83 years; mean age 68.3 years) from among 31 patients with motor neuron disease ( Table 2 ). For electron microscopic examination, the lumbar spinal cord (L1YL5) was fixed in 2% glutaraldehyde with phosphate buffer (pH 7.40) at autopsy. After fixation, the anterior horns at each level were sectioned transversely, postfixed in 1% osmium tetroxide for several hours, dehydrated, and embedded in epoxy resin. Each block was cut into serial semithin sections (approximately 1 Km thick). These sections were stained with toluidine blue. Appropriate portions of the sections were cut into ultrathin sections that were then stained with uranyl acetate and lead citrate for electron microscopy.
The data obtained were analyzed by W 2 test and the Fisher exact probability test using a computerized statistical program.
RESULTS

Controls
Mitochondria were relatively well preserved in the somata of anterior horn neurons (Fig. 1) , dendrites, and axons ( Fig. 2 ) and were fundamentally similar in structure, although they varied in size and shape. They were generally small, rounded, or sausage-shaped, but frequently showed a protrusion on one side like a tennis racquet and sometimes showed a protrusion on both sides. However, some artificial vacuolar changes in the inner compartment of mitochondria were inevitable as a result of the postmortem delay. Swollen mitochondria with markedly increased cristae and marked accumulation of mitochondria were observed in the somata of anterior horn neurons in one patient (case 6). Another patient (case 10) had periodic, stubby protrusions on the outer membrane, measuring approximately 10 nm at the widest point, and also showed crystalloid arrays of interlacing filaments displaying a lattice-like configuration closely resembling a Hirano body in the periaxonal space (Fig. 2) .
Patients With Amyotrophic Lateral Sclerosis
Mitochondria with double membranes were also relatively well preserved in the somata and their neuronal processes of dendrites and axons (Fig. 3) as well as in the controls. The ultrastructural abnormalities of mitochondria are summarized in Table 2 . Seven patients showed a bundle of filamentous structures in the inner compartment of mitochondria. They were composed of a stack of multilayered cristae consisting of linear structures on a longitudinal section. They were observed in the center of the inner compartment and were also frequently observed in the protruded processes (Fig. 4) . These structures were observed in mitochondria mainly of the somata and only occasionally of the axons. Periodic transverse processes like rungs of a ladder were seen in the intracristal space in 2 patients (cases 1 and 4) (Fig. 5A) , in the intermembrane space in 2 patients (cases 8 and 14) (Fig. 5B) , and in both the intracristal and intermembrane space in one patient (case 3). They consisted of periodically repeating, transversely oriented processes extending between the apposing membrane folds of mitochondrial cristae and were spaced at intervals of approximately10 nm from center to center. They were observed in mitochondria predominantly of the somata and only occasionally of the axons. Three patients (cases 1, 3, and 13) had periodic spiny or stubby protrusions on the outer membrane of mitochondria. Two patients (cases 12 and 13) exhibited swollen mitochondria with markedly increased cristae in the somata of anterior horn cells (Fig. 6 ). Marked accumulation of mitochondria was found in the somata of 4 patients (cases 2, 3, 5, and 12) (Fig. 7 ) and in the dendrites and proximal axons (axon hillock and initial segment) of 2 patients (cases 2 and 3) (Fig. 8) , respectively. Statistically, periodic transverse processes observed in 5 patients with ALS show a significantly higher percentage than that in the controls (p G 0.05). Stubby protrusions from the outer mitochondrial membrane, increased numbers of mitochondria in the initial segment, and increased numbers of cristae and/or stacks of multilayered cristae do not achieve statistical significance at p G 0.05. However, the presence of any of these abnormalities (2 of 15 in the controls versus 11 of 14 in patients with ALS) has a high level of significance (p G 0.01). On the other hand, Bunina bodies frequently contained mitochondria within them or on the surface (Fig. 9 ). Electron-dense round inclusion bodiesVusually one but occasionally 2 or more per mitochondrionVwere seen in the inner compartment of mitochondria in all patients with sporadic ALS (Fig. 10) .
DISCUSSION
Mitochondrial damage results in energy deficiency, leading to reduced activity of ATP-dependent ionic pumps, which in turn is responsible for ionic imbalance in cells (11) . Mitochondrial dysfunction has been identified as a crucial site for production of reactive oxygen species, which damage major cellular components such as nucleic acids, lipids, and proteins (12, 13) . There is accumulating evidence of mitochondrial involvement in the pathomechanism of motor neuron degeneration in ALS (1Y6). Biochemical studies on ALS have reported functional abnormalities of mitochondria such as higher levels of mutant mitochondrial DNA and reduced mitochondrial DNA in the spinal cord of patients with ALS (3), changes in activity of complex I of the mitochondria respiratory chain in patients with familial ALS (4, 14) , and decreased complex IV activity in spinal motor neurons of patients with sporadic ALS (15, 16) . High frequency of mitochondrial DNA mutations in the motor cortex in sporadic ALS (6) and an out-of-frame mutation of mitochondrial DNA encoding subunit I of cytochrome c oxidase in a patient with motor neuron disease (17) have also been detected. Mitochondrial dysfunction can lead to increased cytosolic calcium levels as a result of cellular depolarization (18) , probably resulting in motor neuron death, because large motor neurons do not contain calciumbinding proteins such as parvalbumin and calbindin D-28k and are less able to buffer calcium (19) . Moreover, the vulnerability of motor neurons to excitotoxicity is selectively enhanced when mitochondrial function is impaired (20) .
In patients with sporadic ALS, there have been several reports on morphologic abnormalities of mitochondria such as bizarre giant mitochondria in liver biopsy specimens (8, 9) , abnormal accumulation of mitochondria in the axon hillock and the initial segment of axons (10), conglomeration of dark abnormal mitochondria at the presynaptic terminals of anterior horn neurons (1), and mitochondria with increased volume in muscle biopsies (2) . On the other hand, in transgenic mice expressing a mutant SOD1 gene, vacuolar formation of mitochondria has been reported as the dominant pathologic feature associated with motor neuron death and paralysis (6, 7, 21Y23) . Vacuoles of mitochondria in SOD1 mutant mice originate from the inner compartment and the intermembrane space with splitting of the outer and inner membranes, often expanding into large vacuoles (6, 7, 21Y23) . However, there are no reports that have intensively focused on the morphologic alterations of mitochondria in the motor neurons of the spinal cord of patients with sporadic ALS. In this study, we found several novel morphologic changes of mitochondria in the somata of anterior horn neurons and their neuronal processes.
First, one of the most peculiar mitochondrial alterations was a stack of multilayered cristae with a linear structure in the inner compartment of mitochondria in the somata of anterior horn neurons and their axons; this alteration was observed in half of the patients with ALS in this study, and to our knowledge, this is the first report of such an alteration in patients with sporadic ALS. These structures were similar to the previously reported crystalline bodies located within cristae in mitochondria of human rhabdomyoma cells of the soft palate. These bodies were probably formed by accumulation of linear inclusions (24) but were different from these crystalline bodies in that they did not show the structure of crystals.
Second, periodic transverse processes like the rungs of a ladder have been reported in the envelope space or in the intracristal space in various neurologic diseases, including ALS and nonneurologic diseases, and have been interpreted as an artifact resulting from delayed fixation (25) . In the present study, the abnormal structures were also observed in the somata of anterior horn neurons and axons of patients with ALS, but not in the controls. Moreover, all autopsies in this study were performed within 6 hours after death and tissue blocks were fixed in glutaraldehyde immediately after death. Therefore, periodic units in the intracristal space do not seem to be an artifact as a result of delayed fixation, but rather pathologic changes. However, we cannot completely rule out the possibility of all kinds of technical artifacts concerning the absence of periodic units in the controls. These periodic units were similar to intracristal rods in cow heart mitochondria (26), intracristal linear inclusions in mitochondria in human rhabdomyoma cells (24) , or helical inclusions in the mitochondria of the follicular cells of the rabbit thyroid gland (27). However, these previously reported abnormal structures seem to be different from the periodic units reported in this study, because we did not observe electron-dense dots or a helical component in the periodic units. Third, spiny or stubby mitochondria are peculiar configurations observed in neuronal mitochondria. Spiny mitochondria have rows of regularly arranged spiny processes, each measuring 11 Â 7 nm, implanted along the outer surface (28) , whereas stubby mitochondria have periodic, short stubby protrusions on the outer membrane measuring approximately 5 nm at the widest point (29) . The 2 configurations, considered to be identical in structure, have been observed in several cases of sporadic ALS (28, 29) as well as in familial ALS (30) and a non-ALS case (31, 32) . These mitochondria are observed in the terminal boutons, postsynaptic dendrites, intramedullary swollen axons, and myelinated axons of the peripheral nerves, which suggest a nonspecific response to injury (32) .
Finally, swollen mitochondria with markedly increased cristae were observed in the patients with a short clinical course and relatively well-preserved anterior horn neurons, suggesting an early change of mitochondria that is compatible with those reported in G93A mutant SOD1 transgenic mice at an early stage (23) .
Moreover, electron-dense round inclusion bodies were more or less seen in the inner compartment of mitochondria in all controls and patients with ALS. They may be either a nonspecific reaction to the process of aging or a secondary product of physical metabolism.
Thus, in the present study, various kinds of morphologic changes of mitochondria were observed preferentially in the intermembrane space and inner mitochondrial membrane in the somata of anterior horn neurons and their neuronal processes. The intermembrane space contains specific enzymes that use the ATP generated in the inner membrane, including cytochrome c oxidase, which is an important factor in initiating apoptosis. The inner membrane forming the cristae contains proteins that have 3 major functions: 1) performing the oxidation reactions of the respiratory electron-transport chain; 2) synthesizing ATP; and 3) regulating transport of metabolites into and out of the matrix. The enzymes of the respiratory chain are attached to the inner membrane and project their heads into the matrix. Injured mitochondria could also contribute to oxidative stress. Oxidative stress could present a permissive environment for excitotoxic injury, which could directly affect glutamate transporters and itself trigger cell death signaling events. These structural changes of mitochondria may reflect the mitochondrial dysfunction of motor neurons and may be involved in the pathogenesis of the degenerative change in this disorder.
Recently, therapeutic effects of compounds that modulate mitochondrial function have begun to be investigated in SOD1 transgenic mouse models. Among them, creatine, which maintains ATP levels and stabilizes mitochondrial permeability transition pores, improved motor function and extended survival in a dose-dependent manner in addition to causing a reduction in biochemical indices of oxidative damage in the spinal cord of G93A transgenic mice, which may explain some of its neuroprotective effects (33, 34) . Also, minocycline inhibits microglial activation, caspase-1, caspase-3, nitric oxide synthase transcriptional upregulation, and p38 MARK activation (35) . Minocycline blocks release of cytochrome c from the intermembrane space of mitochondria and slows disease in mutant SOD1 mice (36) . Thus, from the results of the present study, it may be reasonable that therapeutic compounds that modulate mitochondrial function may exert a protective function to prevent the neuronal degeneration of anterior horn neurons in ALS.
